Introduction
Bike sharing systems have gained a lot of popularity in the recent years. New York City's Citi Bike, launched in May 2013, is the largest bike share system in the United States, providing over 605 stations and 10,000 bikes [1] available for the occasional customers and subscribers 24/7. Over 3 years, since the initial deployment until summer 2016, over 25 million trips have been performed. More context on the deployment and its phases could be found in Supplementary Information S1.
Rapidly growing bikesharing systems all over the world have attracted a lot of attention of urban analysts and researchers [2] . NYC DOT Mobility Report states that in New York City's congested Midtown Manhattan, average trips between 1-1.5 miles are more than 5 minutes faster and $10 cheaper by Citi Bike than by taxi [3] . In Montreal, bicycle sharing system in a neighborhood with 12 stations serving 800 meter buffer is expected to increase property value for multifamily housing units by approx 2.7% [4] . In Minneapolis, a study of Nice Ride system finds correlations between how bikeshare activity increases with the number of food-related businesses within a ⅛ mile walk of a bike share station [5] . Investments in bicycle infrastructure create nearly twice as many direct, indirect and induced jobs per dollar as typical road projects [6] .
The motivation of the bikeshare usage has also been studied: 70% of Capital Bikeshare (Washington D.C.) riders choose bikeshare as the quickest and easiest way to get to their destination [7] . Bicycling to work decreases risk of mortality in approximately 40% after multivariate adjustment, including leisure time physical activity [8] . Hubway Bikeshare (Boston, MA) started to pilot programs of subsidized memberships while implementing stations in low-revenue areas in order to increase access and equity of ridership [9] . Cities stand to gain $2.6 billion annually in indirect savings based on lower road construction costs, reduced accidents, and lower carbon dioxide emissions [10] .
The reported environmental impacts of bike sharing include reduced carbon emissions and reduction in traffic congestion. Denver B-Cycle users rides accounted in savings of 1,028,836 pounds (466.7 tonnes) of CO 2 emissions and 560,424 miles (901,915 km). 43% of B-Cycle rides replaced car trips, resulting in a 15,868 gallon (60,067 liter) decrease in gasoline [11] . Other findings show a reduction in DC traffic congestion of an average 2 to 3% that can be attributed to the presence of a Capital Bikeshare dock (the data includes first three years of system operation) [12] .
In New York City several studies have been conducted for the optimization problem of Citi Bike rebalancing system, as well as predicting the demand of bike usage [13] [14] [15] . One additional work in New York City focuses on the social impact of Citi Bike in low-income communities [16] .
Many studies, especially those focusing on the environmental impact of Citi Bike, simply consider the difference between bike and car ridership, assuming that people would be driving instead. Such an assumption is clearly not realistic, as it could often be preferable, especially in the dense urban environment, to walk or to take public transportation, for example. Not all Citi Bike users even have access to private vehicles. Finally, many Citi Bike trips might be recreational and for that and other reasons not all the trips would have been actually performed, if Citi Bike would not be available. In the present work we construct a balanced baseline transportation choice model to describe projected customer behavior in the absence of Citi Bike with recreational trips taken into account. The open Citi Bike and other urban transportation data are leveraged to train the model and quantify direct benefits of Citi Bike trips in New York City and the nearby Jersey City. The estimated travel time and cost savings are then computed together with the associated gas savings, emissions cut and additional exercise for the customers in order to assess economic, social and environmental impacts.
The data
Most of the data acquired for the analysis is available publicly through NYC Open Data and websites of public authorities, such as datasets on Citi Bike usage & locations, NYC bike routes (see a map in Figure  S2 ), taxi / Uber usage & locations, subway usage & locations, and NYC-specific data from the U.S. Census Bureau. The detailed description and the links could be found in the Supplementary Information S2.
In particular, Citi Bike publishes large sets of open data on its website, including daily ridership, membership data and trip histories. Usage of taxi is also reported on a detailed level by NYC Taxi & Limousine Commission. Usage of public transit data is limited to the counts of entries and exits at various subway stations over the city. Information on the pedestrian activity and driving personal vehicles is not available at the required scale. In order to fit the parameters of the mobility choice model, the total regular home-work commute demand and preferred transportation options to facilitate it are taken from Longitudinal Employment Household Dynamics and American Community Survey data. Table 1 shows the usage volume and time per active station in Manhattan, Brooklyn/Queens and Jersey City. Usage is calculated for one full year after each deployment in 2013 and 2015 (only 2015 for Jersey City because bikes were not deployed there in 2013), as well as the comparison year of July 2014 -June 2015, when no additional deployment took place (see a map of deployment phases in Figure S1 ). The intensity of each station's use heavily depends on the spatial context -the ridership per Brooklyn station is 50% higher in number and 70% longer in total duration than in Jersey City, while ridership associated with an average Manhattan station is 4 times higher than in Brooklyn. The total number of trips does not seem to increase much over time, so on the second year after the deployment it is not higher compared to the ridership over the first year. Based on this, we can focus our impact assessment on one single year immediately after the deployment. Other datasets used in the paper include taxi, Uber and subway usage, as well as the home-work commute data from U.S. Census Longitudinal Employment Household Dynamics. The detailed description of the datasets is included in the Supplementary Information S2. A map with a sample of daily statistics and geographic distribution per transportation mode in New York City can be found in Figure S3 . Table 2 . Impact assessment for the scenarios of replacing all bike trips with a single selected transportation mode.
Deployment phase Total rides

The single scenario and balanced baseline scenarios for impact assessment
Each scenario (assuming that all Citi Bike trips have replaced a given transportation mode) allows us to focus on specific gains related to such a replacement and provide a spectrum of possible gains(together with the extreme estimates). In reality, different bike trips have replaced different alternative modes, so the resulting impact is composite, providing a certain balance of the benefits above. This is due to different optimal transportation choices for different types of trips, as well as limited availability of certain transportation, like private vehicles (average car ownership among the households in most areas of NYC and Jersey City varies between 20 and 60%). Below we construct a more balanced baseline scenario, estimating a combination of alternative transportation modes which could have served as a best choice given the actual bike trips.
Based on it, the following scheme for the impact assessment approach is proposed on the Figure 1 below. A classic approach in the modeling of transportation mode choice is a multinomial logit (MNL) discrete choice model [17] [18] [19] assigning a certain utility score or cost (a negative utility) U j (t) to each transportation option j for a given trip t and to define a probability P j of choosing an option j as
where λ is the utility weight coefficient. While different transportation modes provide different sets of costs and benefits to the user, the optimality of each could depend on the individual trade-off between those costs and benefits. A major decision to be made is whether to prefer faster but more expensive transportation or slower but more affordable. The simplest way of defining the utility of the transportation mode is by converting both time and cost to monetary values, e.g. through valuing time at the level of an average hourly wage for the commuters. This way, the utility score of the trip combines its direct cost to the customer C j (t) and the individual perception of the cost of time T j (t) spent on a trip as
where w is the random variable providing an individual cost of a unit of time (estimated based on the income distribution in the considered area). Because of the uncertainty of the quantities T and C included in the above assessment (the actual travel time and cost might vary depending on the actual traffic conditions), random variables might be considered rather than constant values.
The choice of the coefficient λ.
The model is sensitive to the choice of the coefficient λ. We choose it by fitting the model to the known overall morning commute around the city, according to Longitudinal Employment-Household Dynamics (LEHD) data which provides origins and destinations of regular home-work commutes, and evaluate the results against American Community Survey (ACS) data which provides some ground truth for the preferred transportation mode of people's commute. Specifically, for each pair of origin and destination census blocks the number of home-work commuters is provided and for each borough (county) people report their preferred mode of transportation (driving, FHV (taxi), public transportation, walking). This is a different portion of human mobility from the Citi Bike ridership that the impact assessment is focusing on. LEHD home-work commute is used exclusively for fitting the coefficient λ.
For each origin-destination pair and transportation mode we estimate utilities (2) based on the distance between them, as well as the expected length of the route and travel time for each transportation mode facilitating such a distance. Travel time is estimated based on the average travel time/distance per mile of geographical distance according to Google Maps API, as reported in Supplementary Information S3 for different times of the day/week. Driving and taxi travel time are estimated using a combination of the normal and pessimistic scenarios. Then, the transportation time-cost for each transportation mode is assessed in the following way: 1) for walking, it is simply the cost of time according to the anticipated walking time between the origin and destination of the trip, 2) for public transportation, it is the fare multiplied by the average fraction of pay-per-ride customers (taken as 48% here, as 52% of the customers use passes [20] , plus cost of transportation time, plus cost of an average wait time), 3) for taxi, it is the initial charge, plus mileage/time fare, plus tips, plus cost of time for the passenger divided by the average number of passengers per ride (according to NYC TLC taxi data (Supplementary Information S2), around 1.7), 4) for private vehicle driving (available for the percentage of residents having cars in their possession), it is an American Automobile Association estimate [21] for an average per mile cost of gas, plus maintenance, plus depreciation, which is around 60 cents per mile, divided by the average number of passengers per ride, plus the parking cost.
The above estimate depends on some assumptions which need to be made in view of the limited amount of ground truth data, such as the balance between standard and pessimistic driving times (varying between 0 for all standard to 1 for all pessimistic) and the effective cost of parking (varying from 0 to 8 hours of the average parking rate, as, while people driving to work need to park their car for the day, many have free to compensated parking from their employers). Varying those parameters x results in additional uncertainty in the estimate for λ which is described below.
For each choice of λ and the parameters x, the model (1) provides transportation mode distribution to be matched with the actual data from ACS for the entire NYC. Specifically, it gives a probability distribution for the total number of the trips T " ( , ) (with a standard deviation " ( , ); the distribution is close to normal) to be facilitated by the transportation mode j and allows to assess the likelihood of the observed ridership volume " * as
The Figure Then, using a Bayesian inference framework, one can find
Going with an uninformed prior ( ) ∼ and considering ∈ [0,1] (as we see below, higher values of have neglectably low likelihood), we get a probability distribution for , as shown in the Figure 4 below. The max-likelihood estimate is λ = 0.12 for NYC, being close to the value λ = 0.128 of the travel cost weight reported in [24] . Below we start from using this best estimate of λ = 0.12, but also assess uncertainty of the resulting estimates by simulating different values of λ , according to the above probabilistic distribution. Now, once the parameter of the model (1) is estimated, we apply it to estimating the baseline scenario: which transportation modes would the people have used if Citi Bike were not available, enabling impact assessment with respect to additionality. 4 .3. Estimating the baseline scenario. For each observed bike ride we consider available alternativeswalking, taking public transit, a FHV (taxi) or driving a private vehicle (conditional to having access to a private vehicle, introduced as a binary random variable with a Bernoulli distribution having its mean set at the area's car ownership rate) and estimate their time-cost utility U j (where j goes through all the available options) as described above (however, for the driving we do not include day parking, as it was done for home-work commute). Utilities U j are random variables incorporating uncertainty of the travel time estimate. Then, the model (1) provides probabilities P j (t) of using each alternative transportation mode to replace each considered bike trip, if Citi Bike is not available.
The utility U bike of using a Citi Bike for the trip is defined as the cost of time according to the data record (subscription price is not included into the analysis, as this is a fixed annual payment which, once made, does not affect the transportation choices -after that, the rides are perceived at zero marginal cost; it is included as a fixed cost for the customers to be evaluated versus their projected benefits). The utility of taking Citi Bike is compared against each of the alternatives U j , giving comparative benefits of B j (t) = U j (t) -U bike (t).
The marginal benefit of a Citi Bike trip t replacing other transportation means is then defined as a random variable taking each of the values B j (t) (being also random variables themselves) with a corresponding probability P j (t). The average estimate for the benefit of the trip E[B(t)] is then defined as
In cases when " ≤ UVR% , i.e. the bike ride does not appear to be a better commute choice compared to the considered transportation alternative j, we consider this ride to be a recreational trip with a corresponding probability P j (t) (although the intended purpose of the Citi Bike is to provide commute options, many people still use it for recreational purposes which might take longer than commute trips for the same origin and destination; we assume recreational purpose whenever the trip does not seem to be a rational commute choice).
When we assume a recreational trip rather than commute, economic benefit for the passenger is irrelevant. For recreational trips, we assume that if bike is not available people would take a recreational walk for the same amount of time.
Our assumption that all the rational choice trips should be replaced with other transportation modes if Citi Bike were not available should be acknowledged as one of the limitations of the model. In reality, the availability of Citi Bike as a commute option might enable certain trips, which otherwise would not have been conducted at all. Strictly speaking, the marginal benefits of such trips should not be counted towards the impact of Citi Bike, however, the benefit of being able to make those trips could be added instead.
The Table 3 and Figure 5 below report the outcomes of the transportation choice modeling providing the ways Citi Bike trips are likely to be replaced if bikeshare was not available. 
Deployment phase
Economic benefit
The model above allows to estimate the direct economic marginal benefit for the Citi Bike riders in terms of travel cost+time savings versus alternative transportation modes, while separating recreational trips where no economic effect is relevant from commute trips where such cost+time savings are likely to arise. Table 4 . Annual economic, social (health and travel time) benefits for commuters as well as environmental benefit (gas savings) per station for each deployment phase. For each quantity the maxlikelihood as well as the unbiased average estimate together with standard deviation and the confidence interval are reported. Table 4 provides the values of the estimated economic benefit together with the uncertainty of the estimate (standard deviation and 95% confidence interval) due to the probabilistic nature of the model. Economic impact is dramatically different for different areas -even more than the ridership amount is. Manhattan deployments show substantial annual economic impact of over $100.000 per each station deployed, while the stations in Brooklyn and Jersey City show more modest impact of ten to a few tens of thousands each. This can be attributed to the fact that the bike sharing deployments largely depend on the network effect [25, 26] -new stations bring more benefits in the areas with a denser population and a denser existing Citi Bike network. Comparing the impact of initial deployment phase in 2013 with the subsequent deployments in 2015 shows that economic benefit reaches its full capacity in Brooklyn during the first year after the initial deployment. Two years later, even after additional deployments further strengthening the network, the effect of an average Brooklyn station is even lower than the initial impact in 2013. Impact per station in Manhattan keeps growing and in 2015 is 20% higher than in 2013, which could be attributed to the growing network coverage providing additional ridership options. In both cases, the first post-deployment year could be already used to get a rough estimate for the anticipated long-term effect.
Deployment phase
First column of the
Other benefits
While economic benefit incorporates both savings in direct costs and travel time, we think that focusing on the travel time savings specifically provides an additional social perspective, as this time might be made free for social activities. Projected total travel time savings for the users are reported in the third column of the Table 4 and vary from 185 hours per year saved per average station in Jersey City to around 1000 in Brooklyn and around 2000 hours saved for each station in Manhattan (which seems consistent with the general understanding of the density of those areas). It is important to note again that this analysis excludes recreational trips, where travel time saving considerations are irrelevant.
The usage of the Citi Bike also causes an additional health benefit to the riders. Depending on the best alternative transportation mode, the additional exercise benefit can be estimated at an average of 650 calories per hour for an average rider [27], if walking is not the best alternative and taking into account the difference between ridership and walking exercise (411 calories per hour otherwise [28]). As walking usually takes longer, the amount of calories from biking might not necessarily exceed the amount of calories from walking along the same route. For presumably recreational trips we consider the exercise benefit based on the assumption that the same amount of time would be spent on a recreational walk otherwise. Overall, the amount of exercise coming from replacing other transportation modes and/or recreational trips is significant. It is important to note again that the exercise benefit from Jersey City deployments differs from the top benefit at Manhattan by an order of magnitude, like all other benefits.
Replacing the usage of private cars or taxies creates additional environmental benefit in gas savings which causes corresponding cut in the vehicular emissions. Each time a bike trip is considered to replace a private vehicle or taxi ride, the gas benefit is estimated with respect to an average gas consumption of 25 miles per gallon [29] (9.5 l/100 km). According to the model estimate, each station saves on average a moderate amount of gas between 85 liters a year in Jersey City to 840 liters a year in Manhattan. Those savings can be directly translated into saved vehicular emissions of 0.2 to 2.0 metric tons of carbon dioxide per year accordingly [30] .
Results for other types of emissions in accordance with [31] are reported in Table 5 Table 5 . Estimation of different types of emissions from gas savings (metric tons).
Discussion
By adopting a bike sharing scheme the New York City Department of Transportation (NYC DOT) was looking to reduce emissions, road wear, collisions, and road and transit congestion and looking to improve public health (this is the project's theory of change) [32] . With available data, we are able to estimate the following aspects:
• Gas saved translated into saved emissions (environmental)
• Calories burnt by individuals, which improves public health (social)
• Increase in commercial activity for local businesses (economic)
The gas savings reported in Table 4 translate into the total savings of 292,951 liters of gas for New York City and the consequent [33] carbon dioxide reduction of 687.26 metric tons in 2015.
The additional health benefit through exercise reported in Table 4 is translated into the total of 1.15 billions calories burnt in 2015.
In addition to the benefits above, another recent publication of ours [34] reports an indirect impact of Citi Bike deployments on the nearby commercial activity, in particular on incentivising activity in foodrelated businesses.
The cost-benefit estimate for the end users of Citi Bike (riders) could be done based on the sum of their economic and social benefits minus subscription costs, as described in Table 6 . Table 6 . Cost-benefit analysis for the end user (only monetary benefits accounted for).
The resulting benefit-cost ratio for the end user varies from 3.6 in 2013 to 3.33 in 2015, meaning that a Citi Bike subscription is a worthy investment for an average customer and a subscription price increase in 2015 is pretty balanced with the growing benefits. The actual BCR is even higher for those customers getting a discounted membership. A standard 10% discount is offered for Citibank customers and multiple other discounted options available for the members of the selected credit unions, New York City Housing Authority residents and others -the subscription cost could go as low as $60/year. For those users, the BCR can be as high as 8.27. The estimation of these benefit-cost ratios is done for two key Citi
Bike deployment years -in 2013 and in 2015, therefore, not taking into account present values over a longer appraisal period. The goal of benefit-cost ratio estimation in this paper is to show a sample of potential benefits for the end user, and an extended cost-benefit analysis for other stakeholders could be done separately for a longer appraisal time period.
Acknowledging the limitation of the study, it is worth mentioning that the baseline model of transportation choices in the absence of Citi Bike used for estimating marginal benefits depends on a number of assumptions on people's behavior specified above and while quantifiable uncertainty was incorporated into the estimates, the qualitative assumptions of the basic model being used are critical for the validity of the estimates. And while incorporating further detail into the transportation choice model could definitely benefit the study, at the moment even a rough estimate for the balanced multi-modal baseline scenario provides a significant step forward in understanding marginal benefits of the bikeshare deployment as compared to the single-scenario estimates available so far.
Conclusions
The impact of Citi Bike deployment is assessed for the two key deployment phases: July 2013 in Manhattan and Brooklyn and September 2015 in Queens, Jersey City, and additional areas of Manhattan and Brooklyn. We construct the baseline transportation model to describe transportation modes which would have been likely used to facilitate the given amount of Citi Bike ridership if Citi Bike was not available. Citi Bike trips which are unlikely to represent a rational commute choice as compared with the available alternatives are considered presumably recreational. Once the probabilistic baseline scenario is established, the direct impact of the given amount of Citi Bike rides is assessed -each Citi Bike trip provides a number of benefits in comparison with the suggested baseline alternative through the transportation costs reduction, travel time savings, additional exercise for the users and/or gas savingsmultiple impacts are assessed across economic, social and environmental domains. Presumably recreational trips are excluded from the economic and environmental assessments and are only accounted for as providing additional exercise compared to a walk taken instead for the same amount of time.
The summary of all the identified impacts converted into the monetary terms allows us to conclude that the overall assessment of the Citi Bike as an urban innovation is positive. It turns out to be particularly beneficial for the end users, with an overall benefit-cost ratio from 3.33 to 8.27 depending on the subscription rate discount. The latter is often applied to the low-income population, for example residents of the subsidized housing from the NYC Housing Authority.
The study could be useful for a holistic understanding of the efficiency of the Citi Bike deployment for different types of economic, social and environmental stakeholders, including city agencies, as well as for informing future decisions on bikeshare deployments in other areas.
Supplementary Information
S1. The deployment
The first pilot phase in the summer of 2013 included station deployments in southern Manhattan and northern Brooklyn with the goal to eventually cover all five boroughs of New York City. Later deployment phases (summer 2015 and 2016) covered further areas in Manhattan and Brooklyn, together with some adjacent areas of Queens as well as Jersey City, New Jersey. The maps of deployment phases could be found in Figure S1 . Places for deployment are based upon the feedback from the local communities and population density within a city, as well as commuting routes. 
Taxi Usage & Locations 5
The yellow and green taxi trip records include fields capturing pick-up and drop-off dates/times, pick-up and drop-off locations, trip distances, itemized fares, rate types, payment types, and driver-reported passenger counts. The data used in the attached datasets were collected and provided to the NYC Taxi and Limousine Commission (TLC) by technology providers authorized under the Taxicab & Livery Passenger Enhancement Programs (TPEP/LPEP). The trip data was not created by the TLC, and TLC makes no representations as to the accuracy of these data.
The For-Hire Vehicle ("FHV") trip records include fields capturing the dispatching base license number and the pick-up date, time, and taxi zone location ID. These records are generated from the FHV Trip Record submissions made by bases. Note: The TLC publishes base trip record data as submitted by the bases, and cannot guarantee or confirm their accuracy or completeness. Therefore, this may not represent the total amount of trips dispatched by all TLC-licensed bases. The TLC performs routine reviews of the records and takes enforcement actions when necessary to ensure, to the extent possible, complete and accurate information. 
Subway Locations 7
Locations of New York City subway stations. Data structure: URL, OBJECTID, NAME, the_geom, LINE, NOTES.
Subway Usage 8
Turnstile data on entries and exits of New York City subway stations. This data has been processed to remove trips that are taken by staff as they service and inspect the system, trips that are taken to/from any of our "test" stations (which we were using more in June and July 2013), and any trips that were below 60 seconds in length (potentially false starts or users trying to re-dock a bike to ensure it's secure). 
NYC-specific data from the U.S. Census Bureau 10
Data products of U.S. Census Bureau:
• Censuses
• The Decennial Census is the once-a-decade population and housing count of all 50 states, the District of Columbia, Puerto Rico and the Island Areas as required by the U.S. Constitution. The results of the decennial census determine the number of seats for each state in the U.S. House of Representatives and are used to draw congressional and state legislative districts and to distribute more than $675 billion in federal funds each year.
• The Economic Census measures the nation's economy every five years, providing vital statistics for virtually every industry and geographic area in the country.
• The Census of Governments provides comprehensive data about the nearly 90,000 state and local governments in the nation every five years.
• Surveys
• The American Community Survey (ACS) is an ongoing annual survey that shows what the U.S. population looks like and how it lives. The ACS helps communities decide where to target services and resources.
• Demographic surveys measure income, poverty, education, health insurance coverage, housing quality, crime victimization, computer usage, and many other subjects.
• Economic surveys are conducted monthly, quarterly, and yearly. They cover selected sectors of the nation's economy and supplement the Economic Census with morefrequent information about the dynamic economy. These surveys yield more than 400 annual economic reports, including principal economic indicators.
• Sponsored surveys are demographic and economic surveys that we conduct for other government agencies. They include the Current Population Survey, the National Health Interview Survey, and the National Survey of College Graduates.
• Population Estimates and Projections
• Every year, the Census Bureau publishes population estimates and demographic components of change, such as births, deaths, and migration. This data can be sorted by characteristics such as age, sex, and race, as well as by national, state, and county location.
• The Census Bureau estimates population size and characteristics. Population projections are based on future demographic trends, including births, life expectancy, and migration patterns.
Longitudinal Employment Household Dynamics (LEHD) 11 LEHD makes available several data products that may be used to research and characterize workforce dynamics for specific groups. These data products include online applications, public-use data, and restricted-use microdata. The Quarterly Workforce Indicators (QWI) and LEHD Origin-Destination Table S3 . Commute time and distance per mile of geographical distance on Manhattan
